A Mechanical Model for the Detachment of Barnacles under Tangential Forces  by Huang, Gan-Yun & Zhou, Yu-Nong
 Procedia Materials Science  3 ( 2014 )  799 – 804 
Available online at www.sciencedirect.com
2211-8128 © 2014 Published by Elsevier Ltd. Open access under CC BY-NC-ND license. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of Structural Engineering
doi: 10.1016/j.mspro.2014.06.131 
ScienceDirect
20th European Conference on Fracture (ECF20) 
A mechanical model for the detachment of barnacles under tangential forces 
Gan-Yun Huang*, Yu-Nong Zhou 
Department of Mechanics, School of Mechanical Engineering, Tianjin University, Tianjin 300072,P. R. China  
Abstract 
A model for the detachment of a barnacle under tangential forces has been developed by simulating the 
barnacle’s base plate as an inhomogeneous plate contacting a coating bonded to a rigid substrate. It has been 
revealed that the stress intensity factors at the plate’s ends depend on the elastic inhomogeneity of the plate as well 
as the ratio between the plate length and its thickness, but almost independent of the thickness of the coating. It may 
invalidate the applicability of the Kendall model to evaluate the antifouling performance of coatings. 
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1. Introduction 
Barnacles, a common foulant in many coastal areas, exhibit high adhesion. Biomimetic purpose for underwater 
adhesives and biofouling prevention have motivated intensive research on the attachment of the organism. It has 
now been revealed that the base plate and barnacle cement play critical roles. The cement secreted strongly depends 
on the properties of the substrate. For example, attachment on PDMS with low Young’s modulus and low surface 
energy results in thick adhesive plaque whereas hard adhesive plaque containing calcium has been found on glassy, 
hard polymer of PMMA (Berglin and Gatenholm, 2003). The change in barnacle adhesive plaque properties as 
response to different substrates affects the adhesion strength (Khandeparker and Anil, 2007). Consequently it is 
necessary to reasonably take account of the adhesive plaque properties when modeling the attachment of barnacles
as pointed out by Holm et al (2005) who revealed that the thickness of the adhesive plaque depends on the substrates 
used. Although many experiments have been conducted to reveal the adhesion behavior of barnacles, the mechanical 
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models are very limited. Hui et al (2011) established a model for the pull-off of barnacles under vertical forces. 
However, as found out by Larsson et al (2010), in contrast to vertical force applied in tensile strength test, the 
barnacle on ship hull were also subject to strong horizontal components. In addition, PDMS coatings have been 
demonstrated to be environmentally friendly for antifouling. To evaluate the performance of PDMS coatings, it is 
generally conducted according to the ASTM D 5618 (See, e.g., Wendt et al., 2006; Stafslien et al., 2012) where pull-
off is achieved by tangential force. However, the Kendall model (Kendall, 1971) for pull-off force in the normal 
direction has frequently been adopted to calibrate the adhesive strength (See wendt et al 2006; Berglin et al., 2003). 
The validity of applying Kendall model in such situations therefore may be of concern, especially when the adhesive 
plaque properties should be taken into account. We are thus motivated, in the present work, to consider the 
detachment of a barnacle from a coating under a tangential force. According to Sun et al, (2004), the base plate may 
exhibit a multilayered structure with highly inhomogeneous properties. So the inhomogeneous elastic property of 
the adhesive plaque will be taken into account. Applicability of the Kendall model and the effect of inhomogeneity 
will be discussed. 
2. Model of barnacle detachment by tangential forces   
A barnacle in general comprises of a very stiff shell with the soft tissue packed inside. Since it is bonded to 
surfaces through the relatively softer base plate, we will neglect the rigid outer shell in our model. The barnacle’s 
base plate together with the related cements geometrically may be considered as circular. But for simplicity, we will 
restrict our attention to the plane strain problem herein. So let us consider the problem as shown in Figure 1. A plate 
of length l2  and thickness h is bonded to an elastic coating. The coating thickness is H  and it is bonded to a rigid 
substrate. To account for the inhomogeneity in mechanical property of the adhesive plaque, the Young’s modulus is 
assumed to have the form as follows 
)exp()( 0 yEyE pE                                                                                                                                                     (1) 
with 0E being the Young’s modulus at the bottom surface the plate and pE  a parameter characterizing the 
inhomogeneity. But the Poisson’s ratio v is taken to be constant. When under tangential forces aF at lx  and 
bF at lx  , the plate may deform mainly along the tangential direction. Consequently, the bending deformation is 
negligible and the equilibrium of the plate yields 
W ccpsuC                                                                                                                                                                       (2) 
where )1(/]1)[exp( 20 vhEC pps  EE is the stretching stiffness and W is the interfacial shear stress. 
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Figure 1Illustration of an inhomogeneous plate contacting a coating bonded to a rigid substrate under tangential forces acting 
 
The deformation and stress field in the elastic coating are governed by the following boundary value problem 
,0,  jijV  ),,( yxji                                                                                                                                                     (3) 
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Such a problem is typical in contact mechanics. One may relate the surface traction to the surface displacement or its 
gradient along x by using the Fourier integral transform. For the sake of limited space, we give only the final results 
of interest as 
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with cP and cv being respectively the shear modulus and Poisson’s ratio of the coating. Integrate both sides of 
Eq.(2) with respect to x and make use of the condition of axial force equal to aF  at lx  , and one may obtain 
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Then according to the second expression in Eq.(5), i.e., the continuity of the displacement at the interface, the 
following integral equation can be found 
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which indeed is a singular integral equation of Cauchy type. It is worth mentioning that the summation of interfacial 
shear stress should be equal to the sum of the applied forces so as to satisfy the overall force balance, which gives 
ab
l
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From Eqs. (10) and (11), and according to Erdogan (1975), )(tW  may possess conventional square-root singularity at 
lx r . To solve the integral equations numerically, it is convenient to introduce the variable substitutes Klt   and 
9lx   so that Eqs.(11) and (12) reduce to 
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Further if we express the interfacial shear stress as 
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with )(KiT being the Chebyshev polynomial of the first kind. Substituting Eqs. (15) and (16) into Eqs.(13) and (14), 
one may arrive at 
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where )(9iU is the Chebyshev polynomial of the second kind, iipi /)arccossin()( 99   with ni ,...,2,1  and 
9S9 arccos)(0  p . Further discretize 9 and K as 
)/cos( njj S9  , 1,...,2,1  nj ,                                                                                                                               (19) 
)2/)12cos[( nmm SK  , nm ,...,2,1 ,                                                                                                                     (20) 
and one can eventually obtain a linear system with respect to iB  
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By choosing n  large enough and combining Eqs. (17) and (21), iB  can be calculated and hence the interfacial shear 
stress can be obtained with high precision. Given the square-root singularity, the stress intensity factor can be 
defined as 
)()(2lim ttlK
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WS Bro                                                                                                                                            (22) 
By making use of Eqs.(14) and (15), one may get 
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at which the superscript + denotes stress intensity factor at lt  and – denotes that at lt  . The corresponding 
energy release rate can be expressed as 
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3 Results and discussions 
To consider the detachment of the plate under a tangential force as in the context of laboratory experiments on 
the barnacles, aF is set to zero. By taking 0 hpE , cvv  and )1(2/0 vEc  P , we have firstly calculated the 
stress intensity factors normalized by hFb /  as a function of hl /  for hH / equal to 0.1, 1 and 2 respectively. The 
results are demonstrated in Fig. 2. It can be seen that for a given value of hH / , the normalized stress intensity 
factor at lx   decreases rapidly with hl /  and approaches one, and the stress intensity factor at lx  also 
decreases rapidly but approaches zero for relatively large value of hl / . It means that for relatively long plate, stress 
mainly concentrates at the end proximal to the loading point and vanishes at the distal end, which can be easily 
understood. In addition, effect of the selected values of hH / on the stress intensity factors can be considered 
insignificant. Although slight difference in the results can be discerned especially when hl /  is smaller than one, the 
difference between results for 1/  hH  and those for 2/  hH is almost vanishing. 
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Figure 2 Normalized stress intensity factors for a homogeneous plate with different values of hH /  
 
0.0 0.5 1.0 1.5 2.0
0
2
4
6
K
II
-
 
 
St
re
ss
 in
te
ns
ity
 fa
ct
or
s
l/h
 H/h=0.1
 H/h=1
 H/h=2
K
II
+
 
Figure 3 Normalized stress intensity factors for an inhomogeneous plate with 1 hpE and different values of hH /  
 
To demonstrate the effect of inhomogeneous mechanical property, we have calculated the stress intensity 
factors for 1 hpE by taking again hH /  equal to 0.1, 1 and 2 respectively. The results are plotted in Fig.3. Clearly, 
the effect of hH /  on the stress intensity factors is still insignificant. The stress intensity factors decay with hl / in a 
manner similar to those for the homogeneous plate. Nevertheless, the steady values that the stress intensity factors 
approach for large value of hl /  are different from those for a homogeneous plate. So may expect that the 
inhomogeneity may impact the stress intensity factors. To illustrate it, we have taken 2/  hH , 3/  hl and 
calculated the stress intensity factors as functions of hpE . The results are presented in Fig.4. As can be seen, IIK  
decreases with hpE  almost inversely whereas IIK  increases with hpE  but the values are smaller than those of 

IIK . 
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Fig.4 Effect of inhomogeneity on the normalized stress intensity factors for 2/  hH and 3/  hl  
 
From the above results, we would like to consider the possible implications in the detachment of barnacles 
under tangential forces. In the literature, the resultant adhesion strength has been interpreted by the Kendall model. 
However, the present results indicated that when hl /  becomes relatively large, say, usually larger than two, the 
stress intensity factors may approach steady values. It is worth mentioning that for the practical base plate in an 
adult barnacle, the value of hl /  may be far larger than two. For such values of hl / , the stress intensity factor at 
proximal end is much larger than that at the distal end. So it is anticipated that the detachment of a barnacle is 
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governed by IIK  provided that the concept of energy release rate is applicable, or alternatively, the detachment 
takes place similar to the crack propagation. Thus, according to the present results and recalling that they are 
normalized by hF , the physical IIK  for large value of hl / may be proportional to hFp /)(EM which is 
independent of the thickness of the coating. Taking the work of adhesion to be Z , one may find the critical force 
cF  is proportional to )(/* phE EMZ . It is in contrast to the prediction of the Kendall model that the critical force 
is proportional to H/1 . Although there are experiments (Wendt et al. 2006) demonstrating that thicker coating 
may decrease the adhesion strength of barnacles, it is worthwhile to point out that therein, the size of the base plate 
also increases with the thickness of the coating. It may result in larger values of hl / , which according to the results 
in Figs. 2 and 3, would in turn reduce the stress intensity factors and increase the critical force for detachment. 
Consequently, the Kendall model may be not applicable for estimating the performance of antifouling coatings 
under tangential forces if the deformation of stretching in the base plate can be prominent. In such a situation, the 
thickness of the base plate may play an important role since the critical force for detachment is proportional to its 
square root. Indeed, it has been found that the thickness of the base plate for a barnacle on a softer substrate may 
increase (See, e.g., Holm et al, 2005), which we suspect to be the natural evolution of the barnacle for survival. 
Moreover, the present results imply that by changing the inhomogeneity in the elastic property of the base plate, the 
adhesion strength can also be tuned. With the conclusion, one may wonder whether an inhomogeneous coating may 
influence the adhesion strength, which is left for future investigation. 
4. Concluding remarks 
 In the present work, the detachment of a barnacle under tangential force has been modeled as a plate bonded to 
an elastic coating. The inhomogeneous elastic properties in the base plate have been taken into consideration. It has 
been found that the Kendall model is inapplicable in such situations for performance estimation of an anti-fouling 
coating. The critical force for detachment under tangential force may be highly affected by the thickness and elastic 
inhomogeneity of the base plate. 
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